Pumping of charge current by spin dynamics in the presence of the Rashba spin-orbit interaction is theoretically studied. Considering disordered electron, the exchange coupling and spin-orbit interactions are treated perturbatively. It is found that dominant current induced by the spin dynamics is interpreted as a consequence of the conversion from spin current via the inverse spin Hall effect. We also found that the current has an additional component from a fictitious conservative field. Results are applied to the case of moving domain wall.
charge current does not arise since tr k µ (k ×σ) z = 0 (only spin current arises [7] ). Charge current appears when we introduce the exchange coupling, proportional to S ·σ where S is a local spin. We would have the current j µ ∝ tr k µ (k ×σ) z S ·σ ∝ ǫ µνz S ν to the first order exchange interaction, and j µ ∝ ǫ µνz (S × S ′ ) ν at the second oder interaction with different spins, S and S ′ . In order to obtain the precise expression of the current, we perform analytical calculations by using a diagrammatic technique. Although the argument in the previous paragraph gives the qualitative idea of pumping charge current, it turns out that the linear term in S vanishes identically in the Rashba case, and the second order term needs a dynamical part as S ×Ṡ. We will demonstrate that the pumped current has two components. One describes the inverse spin Hall effect [13] , and the other is a conservative current which written as a divergence of a scalar potential. We will show that the current due to the inverse spin Hall effect is dominant in various cases, and the conservative current is relatively small. However, the conservative one is also important from the view of the fundamental physics, because it provides the fictitious scalar potential which acts only on the particle having both charge and spin.
We consider a disordered 2DEGs with the Rashba spin-orbit interaction. The 2DEGs also interact with the local spin, S x (t), via the exchange coupling. The local spin is treated as classical, and slowly varying in space and time. The system is represented by a Hamiltonian
(m being the effective mass). The exchange and the Rashba spin-orbit interactions are given by
where J ex is the exchange coupling constant, S q (Ω) denotes the Fourier transform of the local spin structure and α is the strength of the Rashba spin-orbit interaction. Spin-independent disorder is represented by
, where ρ is the density of states, n i is the number of the impurities, u is the strength of the impurity scattering and V is the volume of the system.
The charge current density of this system is given by
is a lesser Green function which is a 2 × 2 matrix in spin space with components
, where · · · is the expectation value estimated by the total Hamiltonian H. We calculate the current by treating both Rashba (to the first order) and exchange interactions perturbatively, which is valid if J ex τ ≪ 1 and αk F τ ≪ 1 [29] . Successive impurity scatterings are denoted by ladder approximation, resulting in a diffusion propagator at small momentum transfer (q),
2 is a diffusion constant. Dominant contributions are from diagrams that include a maximal number of diffusion propagators. Contributions from the first order in J ex are shown in Fig. 1 , that turn out to vanish identically. The leading contribution coming from the second order in J ex are shown in After straightforward calculations, the current in the slowly varying limit (Ωτ ≪ 1) is obtained as
where
the Fermi energy)). The second and third terms in Eq. (3) (proportional to E µ qQ and F ν qQ , respectively) are the second leading term with a long range limit (q, Q → 0). It is, however, physically the most essential term as we see below. For a spatially smooth structure of spins, i.e., q, Q ≪ ℓ −1 (ℓ is the electron mean free path), we can approximate
Here,
2 and a is the lattice constant. (Note that singular behavior at q → 0 is cut off at q ∼ L −1 , where L is a system size.) The first term in Eq. (4), j ISH , describes a current whose direction is correlated with the magnetization direction, perpendicular to S ×Ṡ, and represents inverse spin Hall effect [13] . In order to make clear the physical meaning of this current, we compare with the spin currents pumped by magnetization. In the absence of spin-orbit interaction, we obtain the pumped spin current at the lowest order in J ex as
The polarization of the spin current is in both directions, ∝ Ṡ and S ×Ṡ , where · · · denotes average over diffusive electron motion. This spin current is a gradient of a certain spin potential, j s µ = −∇ µ φ s . The result of Eq. (5) is consistent with the observation by Tserkovnyak et al. [8] , where the spin current appears at the interface between ferromagnet and normal metals associated with the phenomenological parameter of spin-mixing conductance. (We note that there is also an equilibrium component of spin current [31] . This component, j s (eq)
, is free from diffusion poles. Hence, it is local and therefore small compared with dynamical contributions.) The meaning of pumped spin current is understood by taking a divergence: [24] and Right: perpendicular geometry like in Ref. [13] . In both cases, inverse spin Hall current is given by j ISH µ ∝ ǫµνz(S ×Ṡ)ν (µ = x, y).
Comparing the second term (∇ · j s (2)ν ) to j ISH , we see that j
, where γ ISH = −3eατ . This expression is the Rashba-version of inverse spin Hall effect, j ∝ j s ×σ, proposed in Ref. [13] . (Note that the spin current considered in Ref. [13] is the one flowing through the interface that enables the spin current to enter without divergence.) Eq. (6) represents a conservation law of spin, and correctly describes a fact that the Gilbert-type damping ( S ×Ṡ ) results in a flow of spin current orṠ.
In contrast, the second term in Eq. (4), j φ , is a gradient of a scalar quantity. It can be interpreted as a current arising from a potential or a conserved force. The fictitious electric field, defined by E ind = j φ /σ 0 , where σ 0 = e 2 nτ /m is Boltzmann conductivity, is written as E ind = −∇φ ind . The scalar potential is obtained as
(Note that these scalar potential and field are fictitious ones, acting only on charge having spin degrees of freedom.)
The current j φ is in the direction where magnetization changes. It contributes to the perpendicular current in the Datta-Das spin transistor geometry [24] . However, it is not in-plane current in the layer geometry [13] as shown in Fig. 3 . It does not contribute to the case of moving domain walls as we will show below.
Let us apply our results to a case of a moving domain wall (as would be realized by using magnetic semiconductors [27, 28] ). We define polar angles (θ, φ) with respect to the easy and hard axis of spin as cos θ = S easy /S, tan φ = S hard /S mid , where S easy , S hard and S mid denote spin components in easy-, hard-and medium-anisotropy directions. Rigid and one-dimensional (in the x-direction) domain wall solution is represented by two dynamical variables, X(t) and φ(t) [32] , as cos θ(x, t) = tanh x−X(t) λ and sin θ(x, t) = [cosh
, where λ is wall thickness. By assuming a dirty case λ ≫ ℓ (ℓ being the mean free path), and noting that S x ×Ṡ x ′ vanishes if |x − x ′ | ≫ λ, we can approximate S x ×Ṡ x ′ by local value as S x ×Ṡ x ∼ sin θ(x, t)(φe θ −Ẋ λ e φ ). Here, e θ = (cos θ cos φ, cos θ sin φ, − sin θ) and e φ = (− sin φ, cos φ, 0), indicating that the damping (S ×Ṡ) on the translational motion (Ẋ) is in the φ-direction, while it is within the wall plane when φ varies. The pumped inverse spin Hall current, j ISH µ ∼ −j 0 ǫ µηz S ×Ṡ η , where
λ ℓ dxD x ) depends much on the wall geometry. We consider three types of the domain wall as shown in Fig. 4 , a Neel wall (N) and two Bloch walls ((B-i) and (B-ii)). By estimating S ×Ṡ inside the wall (by using cos θ = tanh x λ = 0 etc.), we obtain
which are driven by translational motion, and
which is driven by tilt of the wall. In the case of the Neel and the out-of-plane Bloch wall, the current is a constant (if wall velocity is constant) at small speed and shows an oscillation (sin φ or cos φ) when the domain wall is above Walker's break down. In contrast, no current is induced for the in-plane Bloch wall at small velocity and finite but steady current arises above breakdown (as long asφ is more or less constant). The gradient part of the current, j φ , on the other hand, is averaged out for any type of the domain wall.
Let us briefly see the magnitude of current (Eqs. (8)(9)). We use ε F = 10meV, J ex = 10meV, a = 10nm and α = 0.3 × 10 −11 eVm [6] . Using D 0 ∼ (L 3 /a 2 ℓ 2 λ) ln(L/λ) (our diffusive result depends much on sample size L), the current is estimated as j ∼ 4 × 10
. If we choose Ω = 100MHz, L = 1µm and λ ∼ 10a, we obtain j ∼ 10[A/m], i.e., current is I ≡ jL ∼ 10µA, which would be detectable experimentally. We have considered a case of an uniform Rashba interaction. If we allow α to be position dependent, α(x), we have other contributions. For instance, charge current linear in S arises proportional to (∇α)Ṡ . Thus, various currents are expected in the case of finite-size Rashba system (finite size is always the case in experiments).
In conclusion, we have theoretically shown that charge current is pumped by magnetization dynamics in the presence of the Rashba spin-orbit interaction. The dominant part was found to be due to the inverse spin Hall effect, i.e., conversion of spin current into charge current by spin-orbit interaction. In addition to the inverse spin Hall current, we found a conservative current flowing basically along the gradient of the magnetization damping. This current is rotation free, and should be distinguished from the inverse spin Hall current and from the divergenceless current predicted by Stern and others [16, 17, 18] . It would be extremely interesting if one could experimentally determine the type of the pumped current.
